Intracellular, replicative-form DNA of minute virus of mice was characterized by agarose gel electrophoresis, velocity sedimentation, electron microscopy, restriction endonuclease digestion, and sensitivity to the single-stranded nuclease S1. This analysis demonstrated the presence in murine cells infected with minute virus of mice of a 10.0-kilobase pair dimer replicative form, a 5-kilobase pair monomer replicative form, as well as a 5-kilobase viral single-stranded DNA species. Two additional viral DNA species that migrated in 0.5% agarose gels with apparent sizes of 8.0 and 5.5 kilobase pairs were also observed. Further investigation indicated that the 8.0-kilobase pair DNA represents a novel class of metastable, partially replicated, dimeric intermediates. This finding has important implications for the mechanism of parvovirus DNA replication. (14, 16) . Such a protein may remain bound to the DNA after endonucleolytic scission since the monomer RF DNA of H-1, a parvovirus related to MVM, exists in the cell in a complex with a protein of unknown origin which is covalently bound to the 5' terminus of the DNA (9).
Intracellular, replicative-form DNA of minute virus of mice was characterized by agarose gel electrophoresis, velocity sedimentation, electron microscopy, restriction endonuclease digestion, and sensitivity to the single-stranded nuclease S1. This analysis demonstrated the presence in murine cells infected with minute virus of mice of a 10.0-kilobase pair dimer replicative form, a 5-kilobase pair monomer replicative form, as well as a 5-kilobase viral single-stranded DNA species. Two additional viral DNA species that migrated in 0.5% agarose gels with apparent sizes of 8.0 and 5.5 kilobase pairs were also observed. Further investigation indicated that the 8.0-kilobase pair DNA represents a novel class of metastable, partially replicated, dimeric intermediates. This finding has important implications for the mechanism of parvovirus DNA replication.
Minute virus of mice (MVM), a member of the helperindependent parvovirus group (12) , contains a linear singlestranded DNA molecule of 5,081 nucleotides (3) that replicates in the S-phase nucleus of susceptible rodent cells grown in tissue culture (10, 12, 15, 17) . The termini of MVM single-stranded (SS) DNA are folded in a base-paired hairpin configuration (1, 2, 4, 5) and play an essential role in viral DNA replication. Deletion mutants that retain both terminal self-complementary sequences can be propagated when complemented in trans by wild-type virus, despite the loss in these mutants of up to 90% of the internal viral sequences (7) .
Infection (8) and are thought to reflect the in vivo action of an as-yet-unidentified site-specific nuclease involved in processing replicative intermediates during viral DNA replication (14, 16) . Such a protein may remain bound to the DNA after endonucleolytic scission since the monomer RF DNA of H-1, a parvovirus related to MVM, exists in the cell in a complex with a protein of unknown origin which is covalently bound to the 5' terminus of the DNA (9) .
We undertook a detailed investigation of the intracellular forms of MVM DNA in an effort to clarify further the role of these DNA molecules in viral DNA replication. In the course of these experiments, we discovered a novel "8.0-* Corresponding author.
kbp" intracellular viral DNA species. The results of a structural analysis of this DNA are presented in this report.
As shown in Fig. 1 , when murine cells infected with MVM were extracted by the Hirt procedure (8) (16) . In addition to these viral DNA species, infections of EA and 3T6 cells yielded a novel 8.0-kbp viral DNA species which had not been characterized previously. An Ltk-aprt-cell line yielded a 5.5-kbp viral DNA species, which has also been observed on a number of separate occasions upon MVM infection of EA cells; in such DNA preparations the 8.0-kbp species was invariably absent. Thus, the 5.5-and 8.0-kbp viral DNA species appear to be mutually exclusive.
To investigate the structure of the 8.0-kbp DNA species further, total intracellular viral DNA labeled in vivo with [3H]thymidine was extracted from infected EA cells and sedimented in a neutral sucrose gradient (Fig. 2) . The location of each MVM DNA species in the gradient was then determined by agarose gel electrophoresis of portions taken from each gradient fraction. As expected, viral SS DNA sedimented relatively rapidly under neutral, high-ionicstrength conditions with a peak at 20S (4) . The (3, 5, 16) . The EcoRI digestion patterns of electrophoretically purified 10.0-kbp dimer RF DNA and 8.0-kbp DNA, as well as sucrose gradient-purified 5.0-kbp monomer RF DNA, were compared in the Southern blot analysis depicted in Fig. 3 .
Upon EcoRI digestion, the 10.0-kbp dimer RF DNA species yielded fragments of 2.5, 2.2, 1.5, and 1.0 kbp (Fig.  3, lane d) , whereas 5.0-kbp monomer RF DNA yielded fragments of 2.5, 1.5, and 1.0 kbp, as expected (Fig. 3 , lane f). The extra 2.2-kbp fragment derived from the 10.0 kbp dimer RF DNA species is believed to represent a dimer bridge fragment (16) and is consistent with the arrangement of two monomeric units in a head-to-head configuration (i.e., with juxtaposed 3' termini). Cleavage of the 8.0-kbp DNA species yielded fragments of 2.5, 1.5, and 1.0 kbp, which were indistinguishable in their mobility from the EcoRI fragments derived from monomer RF DNA. In addition, Subsequent steps were carried out as described by Hirt (8) . Approximately 5% of the total DNA preparation was analyzed by electrophoresis in a 0.5% horizontal agarose slab gel as described previously (6). The gel was stained in a 1 ,ug/ml solution of ethidium bromide, and the DNA was visualized by illuminating the gel with shortwavelength UV light.
,. Although the intensity of the various bands in Fig. 3 was not accurately quantified, it appears that in general the various EcoRI fragments were present in close to the expected stoichiometric quantities. For example, the 2.2-kbp dimer bridge fragment is less intense than either the 5' terminal (1.5 kbp) or internal (2.5 kbp) fragments in lane d of Fig. 3 , consistent with the expected 1:2:2 stoichiometry of these respective fragments in 10.0-kbp dimer RF DNA. Similarly, in the EcoRI digests of 8.0-kbp DNA, an approximate 1:1 stoichiometry for 5' terminal (1.5 kbp) and internal (2.5 kbp) fragments was also observed (see below).
In an attempt to further clarify its structure, electrophoretically purified 8.0-kbp DNA was treated with S1 nuclease.
After SI nuclease treatment, the DNA was again analyzed by agarose gel electrophoresis to determine whether the mobility of the DNA had been affected. Undigested 8.0-kbp DNA was analyzed in parallel. Dimer RF and monomer RF DNA were included in the experiment as controls and for purposes of comparison. The results are depicted in Fig. 4 . Although monomer and dimer RF DNA samples remained largely unaffected by SI nuclease digestion, the 8.0-kbp DNA species was no longer present in the Si nucleasetreated samples, revealing the presence of one or more S1 nuclease-sensitive regions of SS DNA in the 8.0-kbp DNA structure. Moreover, quantification of the 5.0-kbp monomer RF band by densitometric analysis of autoradiograms revealed a 2.5-fold increase in the intensity of this band after treatment of 8.0-kbp DNA with SI nuclease. Therefore, the 8.0-kbp DNA species can be converted by SI nuclease to a 5.0-kbp DNA species which comigrates with bona fide 5.0-kbp monomer RF DNA.
It is evident upon examination of the data in Fig. 3 and 4 that electrophoretically purified 10 Fig. 4 .) A possible interpretation of these observations is that both the 10.0-kbp dimer RF DNA and 8.0-kbp DNA are metastable and break down to yield the viral DNA species observed when electrophoretically purified DNA preparations are examined by agarose gel electrophoresis.
The experimental evidence presented in this paper suggests the existence in MVM-infected murine cells of a novel class of partially replicated dimeric intermediates consisting of an unreplicated portion as well as a fully replicated portion. This partially duplex structure (Fig. 5) (Fig. 3 , lane e). The 1.0-kbp 3' terminal ELoRI fragment present in these digests is presumably derived from the 5.0-kbp break-VOL. 49, 1984 .,j-,,I
.c down products of the 8.0-kbp DNA species. A discrete 3' terminal EcoRI fragment attached to a 5-kilobase SS DNA molecule is not readily apparent in E(oRI digests of the 8.0-kbp DNA species, indicating that termination sites in partially replicated dimers may be somewhat heterogeneous. This notion was supported by the presence of a heterogeneous DNA population of 4.0 to 4.5 kbp in EcoRI digests of 8.0-kbp DNA that was not found in undigested DNA samples (Fig. 3,  compare lanes b and e) Fig. 5 . Although electrophoretically purified 10.0-kbp dimer RF DNA was also observed to be metastable, the breakdown products included only the 5.0-kbp monomer RF DNA species-as expected from the fully duplex nature of the parent DNA molecule.
The existence of partially replicated dimers among the intracellular forms of parvovirus DNA has a number of important implications for the mechanism of parvovirus DNA replication. The partially replicated dimer structure is a likely replicative intermediate since it can be envisioned to arise simply by hairpin-primed synthesis of monomer RF from viral SS DNA followed by conversion to the partially replicated dimer by displacement of the parental viral strand (Fig. 5 ). According to this scheme, which has been considered in detail by Tattersall and Ward (14) , partially replicated dimers would arise if DNA synthesis terminated prematurely at or near the parental 3' terminal V strand hairpin sequence (abA) covalently positioned at the axis of symmetry in the dimer-length strand. The existence of such strong-stop intermediates may be a consequence of the recognition of the telomeric viral sequence abA in the dimer-length strand by a site-specific telomere nuclease. Interactions between this protein(s) and the DNA may arrest DNA synthesis at or near the site of nuclease action, possibly as part of the mechanism for segregating progeny viral SS DNA.
